Global transcriptional analyses have been performed with human embryonic stem cells (hESC) derived cardiomyocytes (CMs) to identify molecules and pathways important for human CM differentiation, but variations in culture and profiling conditions have led to greatly divergent results among different studies. Consensus investigation to identify genes and gene sets enriched in multiple studies is important for revealing differential gene expression intrinsic to human CM differentiation independent of the above variables, but reliable methods of conducting such comparison are lacking. We examined differential gene expression between hESC and hESC-CMs from multiple microarray studies. For single gene analysis, we identified genes that were expressed at increased levels in hESC-CMs in seven datasets and which have not been previously highlighted. For gene set analysis, we developed a new algorithm, consensus comparative analysis (CSSCMP), capable of evaluating enrichment of gene sets from heterogeneous data sources. Based on both theoretical analysis and experimental validation, CSSCMP is more efficient and less susceptible to experimental variations than traditional methods. We applied CSSCMP to hESC-CM microarray data and revealed novel gene set enrichment (e.g., glucocorticoid stimulus), and also identified genes that might mediate this response. Our results provide important molecular information intrinsic to hESC-CM differentiation. Data and Matlab codes can be downloaded from S1 Data.
Introduction
Human embryonic stem cells (hESC) self-renew; their differentiation to the cardiac lineage represents a potentially unlimited source of cardiomyocytes (CMs) for therapies and as experimental models to investigate mechanisms involved in human cardiac development and for disease progression. A genome-wide characterization of the molecular phenotype of hESC-CMs is important for these applications. Microarray experiments have been performed by various groups and have shown that hESC-CMs expressed contractile genes, transcription factors, potassium channels and Ca handling genes that are commonly found in the heart [1] [2] [3] [4] [5] [6] [7] . In spite of this, there is remarkable divergence among these studies. [4] evaluated their list of 1311 genes upregulated in CM with those presented by [1] , and by [2] and showed that only 33 genes were shared by all three studies. This divergence may be attributed to a number of experimental variables such as hESC strains, differentiation conditions, culture duration and microarray platform/thresholds used (Table 1) . For instance, [3] and [2] generated CMs by nondirected, spontaneous embryoid body formation without addition of growth factors, while [7] performed stage-specific addition of growth factors including bFGF, BMP4, activin etc. to direct cardiac differentiation. In addition, 4 different hESC lines were used in the 6 studies; it has been shown that different hESC lines have predetermined preferences to become ventricular, atrial and pacemaker CMs with different electrophysiological properties [8] . It is to be expected that the variables described above would impact the transcriptome of CMs generated. A consensus comparative analysis from multiple studies would thus be invaluable to distinguish between factors/pathways crucial for CM differentiation and those that are reflections of experimental conditions. Gene set analysis is more effective than single gene analysis in identifying consensus expression patterns across different data sets in general, and represents a recent and successful analysis tool family commonly adopted in bioinformatics studies [9] [10] [11] [12] . These tools usually adopt a complete data matrix or a large ordered gene list as the input, and assess statistical significance based on multiple random permutations. While some groups have made their data matrices publicly available, most microarray papers involving hESC-CMs only provide lists of differentially expressed genes [1, 2, 4] . It is therefore difficult to perform gene set comparison across multiple studies using heterogeneous data sources (including both data matrices and lists of differentially expressed genes). In view of these challenges, we devised a novel algorithm to identify gene sets that are enriched in hESC-CMs relative to hESC in multiple studies. We showed that our new algorithm has improved properties compared to traditional methods, and we identified differential expression changes in gene sets that have not been previously reported.
Contribution of this paper
We are the first to perform consensus comparative investigation of hESC-CMs to identify genes/gene sets upregulated in hESC-CMs independent of experimental conditions. We have identified novel enrichment of genes and gene sets in hESC-CMs, and our results provide valuable information about the molecular program that is active in hESC-CMs. The main computational contribution of our work is the proposal of a new gene set analysis method, i.e., consensus comparative analysis (CSSCMP), to identify commonly enriched gene sets across multiple studies based on lists of differentially expressed genes (without data matrices). From both theoretical analysis and experimental validation, we show that our CSSCMP method has a number of desirable properties: (a) Capability to detect randomness in the input. (b) Improvement of efficiency through relaxing the condition of using a large number of random permutations commonly adopted by traditional gene set based analysis methods [9] . (c) Mitigation of the problem of gene set size dependence. (d) Integration of information from multiple heterogeneous data sources for improved analysis.
Related work
Transcriptomic profiling studies have been performed to characterize hESC-CMs and to identify gene regulatory mechanisms that control the differentiation of hESCs into CMs [1] [2] [3] [4] [5] [6] . [1] assessed time-dependent gene expression patterns of hESCs differentiating towards CMs. [2] then identified genes and pathways that were upregulated in hESC-CM clusters compared to undifferentiated hESCs. [3] and [4] used CMs of higher purities (30-40%, > 99% respectively) to compare the transcriptome of CMs with hESC and fetal heart cells, while [7] compared ventricular hESC-CMs with fetal and adult CMs of the same lineage. A later study by [5] focused on the expression of ion channel and Ca
2+
-handling genes in hESC-CM clusters. Most of the hESC-CM studies only provided lists of significantly differentially expressed genes [1, 2, 4] , rather than the complete gene expression datasets. [4] and Synnergren et al. examined genes commonly upregulated in 2-4 studies, but gene set analysis has not been performed [13] .
Gene set analysis methods are more effective in the search for consensus results than single gene analysis methods [9] [10] [11] [12] . These tools can roughly be divided into two categories: (1) microarray data based methods, which in general access the full data matrices. Representative examples include GSEA [9] , SAFE [14] , SAM-GS [15] ;(2) significant gene list based methods, which utilize lists of significantly differentially expressed genes as input. Representative examples include DAVID [10] , FuncAssociate [16] , WebGestalt [17] and Bingo [18] . However, to our best knowledge, there are no effective tools that can identify differentially expressed gene sets from heterogeneous data sources which include a combination of full data matrices and gene lists with different thresholds for fold changes (FC).
Materials and Methods Materials
We collected data from microarray studies [1] [2] [3] [4] [5] 7] as shown in Table 1 . The first six data sets correspond to heterogeneous CM populations with different purity levels, while the last one [7] consists of purified hESC-CMs of the ventricular lineage. In view of the diverse nature of the data sets, our main focus is on non-lineage specific analysis of the gene expression patterns of hESC-CMs, instead of those associated with any particular chamber-specific lineage. For several studies [1, 2, 4] , only lists of differentially expressed genes were available, and the corresponding methods and parameters adopted by the original authors are shown in the column 'Method and Parameter' in Table 1 . For the other studies, FC thresholds were set to 2 in order to provide a uniform basis for comparison. We extracted two related gene set collections, named the general Homo sapiens gene sets on Biological Process (HSBP) and the subset from the work of British Heart Foundation-University College London on Biological Process (UCLBP), respectively, from the Gene Ontology and Gene Ontology Annotation databases, in the well-known.gmt file format. HSBP groups genes based on general biological processes and is most suitable for examining gene functions. UCLBP is composed of genes mainly related to [9] . Specifically, there are 1564 gene sets in the HSBP gene set collection and 966 ones in UCLBP. Note that the HSBP gene set collection is more general since it is related to most of the Homo Sapiens biological processes. On the other hand, the UCLBP gene set collection focuses on heart development [19] and therefore it is more specific than the former one. Through a closer inspection of the two gene set collections, we find that there are 915 gene sets in common in both gene set collections, and therefore UCLBP can roughly be viewed as a subset of HSBP.
Methods
Given D individual studies, we extracted a combined gene set ψ C of all N C genes in the different studies (The superscript is used to distinguish entities associated with the combined gene set from those of a specific gene set). Specifically, we constructed a N C × D overall contingency matrix M with entries m ij as follows:
( Given a specific gene set ψ G with N G genes within the combined gene set ψ C , we can extract the corresponding contingency matrix M G from the overall contingency matrix. An intuitive method is to compute the counting score (CS) of the lower triangular entries of the matrix
T refers to the transpose of the matrix (M G )) as follows
The counting score reflects both the co-association of different study pairs and the number of up-regulated genes in each study. However, it is notable that it suffers from the problem of producing non-zero values for random contingency matrices, and its dependence on the matrix size, similar to problems well discussed for the Rand index [20] as a cluster validity measure [21] [22] [23] [24] . For the j-th study, the estimated probability of a gene to be up-regulated based on the overall contingency matrix can be computed aŝ
Thus the expected value of CS corresponding to a N R × D random contingency matrix M R can be computed as
are estimated up-regulation probabilities based on the random contingency matrix. The second step follows from the approximation of the expected value based on the estimated probabilities when N R is large. We can observe from Eq (4) that the score value is not zero, and is correlated to the size of the gene set N R . Motivated by the adjusted Rand index and related clustering measures proposed in [21, 23] , which expresses the modified measures in the form of
, where S cs and S max represent the original score and the maximum possible score respectively, and S represents the expected score value for random inputs, we propose an improved consensus comparative analysis (CSSCMP) score based on the contingency matrix. The maximum score value corresponding to the contingency matrix M G can be readily found when all the entries are ones, i.e., all the entries of the matrix (
Thus, the maximum score value is computed as
Therefore, the consensus comparative analysis score can be computed as
Compared to conventional gene set analysis methods, such as GSEA [9] , our proposed CSSCMP method has a number of advantages in handling imperfect data prevalent in the studies of hESC-CMs: (1) CSSCMP only uses lists of significantly differentially expressed genes, thus it is readily applicable to the analysis of multiple studies since many studies only release their significant gene lists rather than the full microarray data; (2) CSSCMP does not require performing multiple random permutation trials, which is commonly used in traditional methods. In general, these kinds of random permutation trials require significant computation time (e.g., 1000 trials are commonly used in GSEA). As a result, our method improves computational efficiency; (3) The CSSCMP score value is close to zero with random input contingency matrices, which allows our approach to distinguish meaningful inputs from trivial ones. (4) CSSCMP is less sensitive to the size of gene sets, which is also an important concern in traditional gene set analysis methods. Verifications of the last two properties are presented as follows, and confirmed in experiments using both simulated and real data. Proposition: Detection of randomness. CSSCMP is close to zero for a random input contingency matrix, and is less sensitive to the size of gene sets. The verification is straightforward. gene set N R is large enough, we have
The third step follows from the approximation of the expected value of CS based on the estimated up-regulation probabilities when N R is large. Note that the result is less sensitive to the size of gene set N R , since this factor is removed in the third step.
Results

Gene based consensus comparative analysis in hESC-CMs relative to hESCs
We first examined genes commonly upregulated in multiple individual studies. A pyramid chart for statistics of commonly enriched genes in hESC-CMs relative to hESCs in multiple studies is shown in Fig 1. Only a small number (i.e., 53) of genes are enriched in all studies while a large number (i.e., 9431) is found in at least one study. This implies that interpretation of the results at the level of gene sets is important besides the identification of individual genes. In this section we will focus on consensus comparative analysis in hESC-CMs relative to hESCs based on individual genes. Gene set based consensus comparative analysis will be performed in the following section.
Genes uniformly enriched in hESC-CMs relative to hESCs in all studies. We first focused on genes that were uniformly enriched in hESC-CMs relative to hESCs, as listed in Table 2 . Up-regulated genes included those known to be crucial for heart development/function such as transcription factors e.g., MEF2C and GATA4, contractile genes e.g., MYH7 and TNNC1 etc., as well as ion transport genes e.g., ATP2A2 and PLN etc. Interestingly, as shown in Table 3 , 40% (22 out of 54) of our upregulated genes were not highlighted by the hESC-CM microarray studies examined.
These genes were commonly upregulated in hESC-CMs independent of culture condition and differentiation protocol, and are likely to be important for early human CM differentiation. Of these, 6 genes show CM-specific expression and were 10-fold enriched in hESC-CMs relative to both undifferentiated hESC and mixed embryoid bodies culture [4] . This list included transcripts which are known to be important in the heart and whose presence in hESC-CMs has not been reported. JPN2 and RGS5 are such examples [25] [26] [27] , and are likely to be important for controlling calcium handling and cardiac repolarization in hESC-CMs. In addition, we identified upregulation of genes with unknown roles in the heart, and they are MICAL2 and CPNE5. Both genes are strongly upregulated in hESC-CMs e.g. MICAL2 expression is 36 and 22 fold higher in hESC-CMs compared to hESCs and embryoid bodies respectively. In addition, both genes were also enriched by more than 8 fold in human fetal and adult CMs relative to hESCs and embryoid bodies. MICAL2 is a cytoskeletal protein involved in adhesion and actin polymerization [28] . CPNE5 encodes a poorly characterized Ca binding membrane protein [29] . It is unclear what roles they play in heart development and function and merits further attention.
Statistics of literature-curated marker genes of important biological processes in multiple studies. We next examined the enrichment of selected genes known to be important for cardiac functions such as contractile genes, cardiac transcription factors, Ca 2+ handling genes, and ion channels, and found significant variation among individual studies, as shown in Fig 2. Gene sets associated with heart development, contraction, Ca 2+ handling were uniformly upregulated in all studies examined, but the upregulation of genes within these gene sets were not uniform. 6 of the 9 contractile genes studied were enriched in all of the studies. By contrast, none of the ion channel genes were enriched in all seven studies. For instance, KCNE1 and KCNQ1 were enriched in only 3 out of 7 studies. Thus, in order to observe the enrichment of gene groups corresponding to different biological processes and functions, gene set analysis is required as an important complementary approach besides individual gene analysis. Enriched biological process categories for uniformly enriched genes in different numbers of studies. To further evaluate variability in gene-and gene-set based methods, we next assessed the gene ontology affiliations of genes uniformly enriched in multiple studies. Specifically, we identified genes that were significantly enriched in CMs in at least 7, 6, 5 and 4 studies respectively, and extracted their Gene Ontology annotation as shown in Fig 3. The top BP categories were development, morphogenesis, cell communication, metabolism, and signal transduction. The GO enrichment pattern was largely conserved irrespective of the number of studies used. This shows that gene set based analysis is less sensitive to variations in different studies than gene based analysis. The results also confirmed that the 7 studies were closely related.
Gene set based consensus comparative analysis on hESC-CMs
In this section, we verified the properties of our method on both simulated data and real data. Then, we presented the results of CSSCMP on hESC-CMs. Verification of the properties of consensus comparative analysis. We first investigated our CSSCMP analysis method using random contingency matrices of 20 individual studies with various gene set sizes. As shown in Fig 4A and 4B , the CS score heavily depended on gene set sizes, while CSSCMP scores were consistently small and insensitive to the sizes. These observations suggested that CSSCMP was capable of detecting randomness and was more robust against the effect of gene set sizes, both of which were in agreement with the proposition in Eq (7).
We next studied the CSSCMP scores with two extracted gene set collections (UCLBP and HSBP) on the hESC-CM data and on random data with different levels of variances. Specifically, we computed the CSSCMP scores with the hESC-CM data and random data with different levels of variance respectively, and computed the mean values of the top 10%, 20%, 30%, 40%, and 50% ones. These results are shown in Fig 4C and 4D , respectively. We have observed from the new experiments that both HSBP/UCLBP have much higher CSSCMP scores than those of random data. For example, the mean CSSCMP values of the top 10% gene sets are 0.22 and 0.25 for HSBP and UCLBP respectively, compared to a value of 0.03 for the random data. In general, the mean scores of random data with different levels of variance are close and significantly smaller. These results suggest that our CSSCMP score can readily separate meaningful data from random data, regardless of their variance. In addition, we ranked the gene sets in descending order of the corresponding scores, and plotted the sizes of these gene sets, as shown in Fig 5. For CS, top ranks were associated with high gene set sizes, while no such association existed for CSSCMP. These observations confirmed that CSSCMP was insensitive to the size of gene sets. 
Consensus Comparative Analysis of hESC-CMs
Gene set based consensus comparative analysis on hESC-CMs. Based on 7 datasets from 6 individual hESC-CM studies, we ordered the UCLBP and HSBP gene sets according to their CSSCMP scores to assess enrichment of gene sets in hESC-CMs relative to hESCs. For comparison, we also employed gene set enrichment analysis (GSEA) [9] on four studies with full data matrices to identify significantly enriched gene sets for each individual study [3, 5, 7] .
For the HSBP gene set collection, the top 100 enriched gene sets are listed in Table 4 , and details are provided in S1 and S2 Tables. Our CSSCMP method generated results largely consistent with those of GSEA. For instance, the 17 gene sets with the top CSSCMP scores were considered enriched in all four individual studies by GSEA (S1 Table) . Conversely, none of the gene sets with the lowest 267 CSSCMP scores (under 0.014989) were considered enriched by GSEA in any of the four individual datasets (S2 Table) . Moreover, gene sets with the largest Consensus Comparative Analysis of hESC-CMs CSSCMP scores included those known to be important for cardiac differentiation and function, e.g., ventricular-cardiac-muscle-tissue-morphogenesis (GO:0055010), myofibril-assembly (GO:0030239) and cardiac-muscle-tissue-morphogenesis (GO:0055008). This indicated that a number of gene sets were uniformly enriched in hESC-CMs relative to hESCs regardless of diverse experimental conditions, and our CSSCMP method generated results that were in accordance to those generated by GSEA and were biologically relevant.
In addition, CSSCMP identified enrichment of potentially important gene sets that were not detected by GSEA based on individual studies. Examples included positive-regulation-of-reactive-oxygen-species-metabolic-process (GO:2000379) and response-to-glucocortic-stimulus (GO:0051384) etc., as shown in Tables 5 and 6 . Reactive oxygen species is important for cardiac Consensus Comparative Analysis of hESC-CMs Table 4 . The top 100 enriched gene sets in the HSBP gene set collection identified by CSSCMP scores, with comparison to the GSEA results in four studies: study S1:purified hESC-CM (14 days) [3] , S2: hESC-CM cluster (21 days) [5] , S3: hESC-CM cluster (49 days) [5] , and S4: purified hESC-derived ventricular (21 days) [7] . The '1's under the four studies mean that the corresponding gene sets are enriched, while '0's mean not enriched. Gene set names are represented with GO term IDs. Details can be found in supplementary files. Table 5 . Selected gene sets enriched in hESC-CMs relative to hESCs. CSSCMP score and PVal were calculated based on seven data sets. For comparison, GSEA results in four studies are shown: study S1:purified hESC-CM (14 days) [3] , S2: hESC-CM cluster (21 days) [5] , S3: hESC-CM cluster (49 days) [5] , and S4: purified hESC-derived ventricular (21 days) [7] . The '1's under the four studies mean that the corresponding gene sets are enriched, while '0's mean not enriched. Details can be found in the supplementary files.
Gene Set Name Score PVal S1 S2 S3 S4
response-to-glucocorticoid-stimulus 0. Table 6 . Genes affiliated with "response-to-glucocorticoid-stimulus". Fold changes in all seven data sets are also shown. S1-4 are defined as in (A). S5: hESC-CM cluster (12 days) [1] , S6:hESC-CM cluster (within 22 days) [2] , S7:purified hESC-CM (22 days) [4] . Non-significant changes are shown as '0'. Consensus Comparative Analysis of hESC-CMs differentiation of hESCs [30] but surprisingly it was not considered enriched by GSEA in any of the individual studies. Response-to-glucocorticoid-stimulus (GO:0051384) was enriched in two out of four datasets, but its role in hESC cardiac differentiation is unclear and requires further attention. Examination of genes associated with glucocorticoid-stimulus showed that ADAM9, AQP1, GOT1, ISL1, SLIT2 and SLIT3 were significantly upregulated in more than 4 of the 7 datasets and may be responsible for mediating the effect of this stimulus. Moreover, false positive results can arise from individual studies partly as a reflection of the specific conditions used in the experiment, and may not represent the biological entities examined. For instance, GSEA examination of the Cao et al. data set showed that genes involved in complement-activation (GO:0006956) was very significantly enriched in hESC-CMs. However, CSSCMP of four datasets showed that this gene set was only enriched in this single study, with a CSSCMP rank of 1349 and score of 0.012251, which is non-significant. By considering multiple datasets, false positives related to specific biological conditions may be reduced. More detailed results of different ranking between CSSCMP and results on GSEA with individual studies are listed in S3 Table. To further compare the performance of CSSCMP and GSEA, we also identified unrelated gene sets that bear no obvious relationship to heart development and function (e.g. skin development, platelet degranulation) among the top gene sets identified by CSSCMP with those identified by GSEA of four individual studies (see S4 Table) . Fig 6 shows the number of unrelated gene sets among the top 40 ones in each study. CSSCMP identified the smallest number of unrelated gene sets compared to GSEA of the individual studies. Importantly, these unrelated gene sets identified by GSEA reflect the purity and biological properties of the samples used in the individual studies. The samples used in Cao et al. [3] (besides Poon et al. [7] ) have the highest purity and this study has a smaller number of unrelated gene sets than Jane et al. [5] . Poon et al. [7] used lentiviral selection to isolate hESC-VCMs, and consequently have a large number of gene sets related to inflammation, such as positive-regulation-of-cytokine-production(GO:0001819), among its top 40 gene sets. In conclusion, these show that our CSSCMP is superior in its ability to avoid false positive gene sets and are less sensitive to sample heterogeneity.
For the UCLBP gene set collection, the top 100 sets are listed in Table 7 , and details are provided in S5 Table. Scores of the members of the whole gene set list are provided in S6 Table. Analysis with the UCLBP generated similar results as the HSBP gene set collection. As shown in Fig 7, a large proportion of the top gene sets were the same in both gene set collections, and this proportion was significantly larger than the average ratio for the two complete gene set collections (i.e., 915/1564, plotted as a horizontal line). Specifically, 9 of the top 10 gene sets for two gene set collections were the same. This showed that most of the enriched gene sets of HSBP came from UCLBP, which is highly related to biological processes associated with heart development.
Discussion
Application of hESC-CM for drug discovery and transplantation requires a thorough molecular characterization of these cells, but this is compromised by variations in experimental conditions among different studies. Conventional methods are unsuitable for consensus analysis of hESC-CM microarray data. To bridge this gap, we propose a new consensus comparison analysis approach, CSSCMP, and identified novel changes in genes and gene sets that occur in hESC-CM irrespective of different experimental variables. Based on the consensus information of different individual studies, our proposed CSSCMP approach has a number of advantages: (1) detection of randomness in the input; (2) improvement of efficiency; (3) mitigation of the problem of gene set size dependence; and (4) integration of information from multiple heterogeneous data sources.
The current study points to a number of important future research directions from both computational and biological perspectives. From a computational perspective, an interesting improvement of the current approach is to replace the current binary matrix entries with real values for each individual study. From a biological perspective, a potential extension of the present work is to study the interaction between the identified gene sets and microRNAs. [3] , S2: hESC-CM cluster (21 days) [5] , S3: hESC-CM cluster (49 days) [5] , and S4: purified hESC-derived ventricular (21 days) [7] . CSSCMP identified the smallest proportion of unrelated gene sets. doi:10.1371/journal.pone.0125442.g006
Consensus Comparative Analysis of hESC-CMs Table 7 . The top 100 enriched gene sets in the UCLBP gene set collection identified by CSSCMP scores, with comparison to the GSEA results in four studies: study S1:purified hESC-CM (14 days) [3] , S2: hESC-CM cluster (21 days) [5] , S3: hESC-CM cluster (49 days) [5] , and S4: purified hESC-derived ventricular (21 days) [7] . The '1's under the four studies mean that the corresponding gene sets are enriched, while '0's mean not enriched. Gene set names are represented with GO term IDs. Details can be found in supplementary files. 
